T
outcrossing allotetraploid, making genetic marker development dif cult. Genetic markers anchored to miniature inverted-repeat transposable elements (MITEs) were developed in Agrostis that could be used in genetic linkage mapping, quantitative trait loci studies, or diversity analyses. The FindMITE software program identi ed 495 candidate MITEs from 16,122 Agrostis DNA sequences. There was evidence of transposition in 79 of the candidate MITEs based on MITE insertional polymorphisms. Genetic markers were developed by MITE-display, a modi ed ampli ed fragment length polymorphism technique that anchors ampli ed fragments to MITEs. Four MITE-display primer combinations were tested on a creeping bentgrass experimental mapping population and 139 polymorphic markers were developed with a polymorphic information content of 0.33. Twentyeight of the polymorphic genetic markers segregated normally. MITE-display genetic markers are a new class of genetic markers for studies of the Agrostis genome. These genetic markers target transposable elements and provide an easy method of identifying allelic variation between Agrostis accessions that may be used for diversity studies or genetic linkage map development.
morphological characters that contribute to high turf quality at low mowing heights (Warnke, 2003) .
Interspeci c hybridization has been shown to be a viable method for introducing novel traits into cultivated creeping bentgrass (Belanger et al., 2004) . Unimproved or wild extant Agrostis germplasm could be a resource for novel stress tolerance genes, but the incorporation of this germplasm into existing breeding programs could lead to signi cant quality losses. In order for germplasm to be accepted and e ective for use in cultivar development, the germplasm must have substantial quality and other turf type characteristics so as to not set back breeding advancements. Genetic markers should be functional markers or linked to traits of interest to facilitate breeding for agronomically important traits. The introgression of undesirable characters often occurs while breeding to introduce favorable traits. Making selections against genetic markers linked to undesirable regions would enhance the e ciency of developing improved Agrostis germplasm.
Several molecular marker types have been implemented in the study of Agrostis spp. such as isozymes (Warnke et al., 1997) , ampli ed fragment length polymorphism (AFLP; Vergara and Bughrara, 2003) , random ampli ed polymorphic DNA (RAPD; Chakraborty et al., 2005) , restriction fragment length polymorphism (RFLP; Chakraborty et al., 2005) , sequence characterized ampli ed region (Scheef et al., 2003) , dideoxy polymorphism scanning (Rotter et al., 2007b) , and simple sequence repeat (SSR; Jensen et al., 2007) . Multi-allelic markers provide allele-speci c information and can allow for mapping of each homologous chromosome separately, but in practice, parental allelic contribution to a given locus is di cult to resolve with these markers because of allele dosage e ects and null alleles (Luo et al., 2001) . Wu et al. (1992) proposed a method for developing genetic maps in polyploid species using single-dose restriction fragments that segregate 1:1 (present/absent) in recombinant inbred or pseudo F 2 populations. Ampli ed fragment length polymorphisms are an e cient method for developing dominant genetic markers and are useful in the construction of genetic linkage maps in outcrossing turfgrass species. Clustering of AFLP markers has been observed in several mapping projects (Wang et al., 2005; Castiglioni et al., 1999; Kang et al., 2001) and thus the genome coverage provided by these markers may be limited. Combining multiple marker types is a common practice in genetic linkage map construction and can provide greater genome coverage. Chakraborty et al. (2005) reported the rst genetic linkage map of A. stolonifera, which includes 169 RAPD, 180 AFLP, and 75 cDNA RFLP markers for a total of 424 mapped loci covering 1110 cM. The development of additional genetic markers would provide a more detailed linkage map of A. stolonifera.
The modi ed AFLP technique, MITE-display (Wessler et al., 2001) , anchors the ampli ed fragments to miniature inverted-repeat transposable elements (MITEs). First described by Bureau and Wessler (1992) , MITEs are a class of nonautonomous type II transposable elements (TEs) characterized by their small size, anking target site duplications (TSDs), terminal inverted repeats (TIRs), and their relatively high copy numbers compared to other type II TEs. Transposable elements are present in high copy numbers in grass species (Turcotte et al., 2001; Meyers et al., 2001) and have contributed to the expansion of many plant genomes (Vicient et al., 1999; Sanmiguel and Bennetzen, 1998; Wessler et al., 1995) . Transposable elements may play a role in the ability of genomes to respond to various "shocks," such as wide hybridization or abiotic stresses such as heat (McClintock, 1984) . For example, TEs are known to mobilize in response to plant defense (Grandbastien et al., 1997) , tissue culture (Kikuchi et al., 2003) , and -radiation (Nakazaki et al., 2003) .
The two main classes of TEs are characterized by their mode of transposition; elements that transpose via an RNA intermediate are type I elements and those that transpose via a DNA intermediate are type II elements. Each type is further divided into autonomous and nonautonomous classes based on the ability of the elements to encode the machinery needed for their own mobilization. There are several classes of MITEs and whenever possible, they are categorized based on their association to known autonomous elements. The rst MITE identi ed was a member of the Tourist family and was identied as a 150-bp insertion into the waxy gene of maize (Zea mays L.) causing the wx-B2 mutation (Bureau and Wessler, 1992) . The stowaway family represents another major class of MITEs and was identi ed as an insertion into the tourist-sb5 element in sorghum [Sorghum bicolor (L.) Moench] (Bureau and Wessler, 1994) . Stowaway elements are characterized by a TA target site duplication and the conserved terminal inverted repeat 5'-CTCCCTCCGTT-3' (Bureau and Wessler, 1994) .
Certain classes of MITEs are prevalent in gene-rich regions of the genome. As mentioned, the rst Tourist MITE was identi ed because its transposition into the waxy gene of maize caused the wx-B2 mutation (Bureau and Wessler, 1992) . Mao et al. (2000) examined the distribution of transposable elements in 73,000 rice (Oryza sativa L.) sequencetagged connectors. They found that 10.5% of Explorer MITEs were associated with genes, while 95.8% of Stowaway MITEs were found near genes. These data suggest di erences in the presence of certain MITE families near genes but is also evidence that MITEs are frequently found near genes. Amplied fragment length polymorphism markers are often found in noncoding regions of the genome (Meudt and Clarke, 2007) , so MITE-based genetic markers that target transcriptionally active regions are more informative. Gene network regulation may also be a ected by the association of MITEs with several genes of a given pathway or by their association with regulatory genes (Feschotte, 2008) . One way gene regulation may occur is through small RNAs encoded by the gene-associated MITE. For example, the human Made1 MITE and the MiS MITE families in the Solanaceae (Kuang et al., 2009 ) have been found near The expressed sequence tag (EST) DNA sequences (Rotter et al., 2007a) were downloaded from GenBank. The Agrostis sequence libraries were screened for MITEs by the software program Find-MITE (Tu, 2001 ) using the following criteria: 11-bp TSD; a minimum length of 50 bp; TIRs with the sequences TA, TAA, TAT, TTA, NNNN, or NNNNNNNN; and ltering of SSRs. The software applications einverted of the EMBOSS package (Rice et al., 2000) and mfold (Mathews et al., 1999; Zuker, 2003) were used to test for hairpin loop structures and inverted repeats of the candidate MITEs using the default settings.
Plant Material
Agrostis germplasm (Table 1) 
MITE-Insertional Polymorphism
Evidence of MITE transposition was tested by MITE insertional polymorphism (MIP; Lyons et al., 2008 ) on a diverse set of 21 Agrostis germplasm sources (Table 1) . Polymerase chain reaction genes. These MITEs are believed to form hairpin loop structures that are common to several MITE families (Bureau and Wessler, 1992) . Hairpin loops structures encoded by MITEs may be processed into small RNAs and in turn are involved in the regulation of the associated genes Kuang et al., 2009) .
Searching DNA sequences, identifying MITE-like structures, and using polymerase chain reaction (PCR)-based methods are the primary means of identifying new MITEs. Special parameters are sometimes needed when performing BLAST (Basic Local Alignment Search Tool; Altschul et al., 1990) searches to identify MITEs from sequence data (Yang and Hall, 2003) , so specially designed tools are often implemented. For example, Tu (2001) developed the software program FindMITE to search DNA sequence data for user-de ned MITE characteristics including TSD, TIR, and size. Tu (2001) identi ed eight novel MITE sequences from Anopheles gambiae s.s. Giles by searching 17,509 sequence tagged sites (Olson et al., 1989) with FindMITE. The mobilization of these MITEs was veri ed by analyzing the genomic DNA sequence anking the MITEs. The MITE anking genomic DNA varied between sequences for a given MITE class suggesting the MITE was present in di erent genomic regions, likely through transposition. Several MITEs have TIRs that extend to nearly half the length of the MITE leading to the formation of near perfect hairpin loop secondary structures. The software programs einverted of the EMBOSS (Rice et al., 2000) package and mfold (Mathews et al., 1999; Zuker, 2003) can be used to identify candidate MITEs based on the formation of these secondary structures.
The objective of the present study was to identify MITEs from available Agrostis sequence data, and develop genetic markers from the identi ed MITEs. The value of MITE-based markers in Agrostis was also assessed.
MATERIALS AND METHODS

DNA Sequence Libraries and MITE Identification
Random sheared genomic DNA (RS) sequence from both creeping bentgrass 5061 and A. capillaris 8286 were obtained from Dr. Faith Belanger (Rutgers, The State University of New Jersey). The RS libraries were constructed as described by Meyers et al. (2001) with the following modi cations. Total genomic DNA was extracted using the DNeasy Plant Maxi Kit (Qiagen, Valencia, CA). A GeneMachines HydroShear (Genomic Instrumentation Services, Inc., San Carlos, CA) was used to shear 15 μg of DNA in 100 μL of distilled H 2 O using 20 cycles and speed 7. Sheared DNA was repaired with Pfu DNA polymerase (Agilent Technologies, Santa Clara, CA), and 500 ng of fragmented DNA ranging in size from 0.8 to 2.0 kb was cloned into the pCR-Script Amp SK (+) vector (Agilent Technologies). Electroporation was used to transform the constructs into XL1-Blue MRF' Kan competent cells (Agilent Technologies), and positive clones were selected based on the disrupted expression of -galactosidase. Sequencing was performed as described by Rotter et al. (2007a) . primers anking a given MITE were designed with the software program primer3 (Rozen and Skaletsky, 2000) and synthesized by Integrated DNA Technologies (Coralville, IA). A CTAB DNA extraction was performed to isolate genomic DNA (Doyle and Doyle, 1987; Rotter et al., 2009) . Ten nanograms of genomic DNA, 1.0 μL each of 5.0 μM MITE-anking primers, and 1× GoTaq (Promega, Madison, WI) were used to amplify MITE target regions. All PCR ampli cations were performed on a GeneAmp 2700 thermal cycler (Applied Biosystems, Foster City, CA) with an initial denaturation step of 94°C for 5 min, then 94°C for 1 min, 56°C for 1 min, and 72°C for 1 min for 40 cycles, 72°C for 5 min, and nally held at 4°C until they were analyzed by gel electrophoresis. The PCR products were run on a 1% agarose 1× Trisacetate-EDTA 0.05 mg mL −1 ethidium bromide gel for 45 min at 100 V. The resulting gel was visualized and documented with an AlphaImager (Cell Biosciences, Inc., Santa Clara, CA).
MITE-display
The MITE-display assay was performed as described by Bergero et al. (2008) on CTAB-extracted genomic DNA of the parents and progeny of a creeping bentgrass experimental mapping population. Nested internal (INT) MITE primers and external (EXT) MITE primers (Table 2) were designed by primer3 and obtained from Integrated DNA Technologies. The MITE-INT primers were labeled with 5'-6-carboxy uorescein (6-FAM). Genomic DNA from the mapping population plants (500 ng) was digested with 2 U DpnII (New England Biolabs, Beverly, MA) at 37°C for 3 h followed by heat inactivation of the enzyme (65°C for 20 min). The digested DNA was puri ed using the QIAquick 96 PCR Puri cation Kit (Qiagen) and eluted in 40 μL of 10 mM Tris-HCl. Adaptors were prepared by adding equal amounts of the single-stranded adaptors (25 μM), TDADA1 and TDADA2 (Table 2) , heating them to 80°C for 2 min and then allowing to cool to room temperature. Adaptors were ligated to the digested DNA using 200 U of T4 DNA Ligase (New England Biolabs) and dimer formation was inhibited by the addition of 20 U of BamHI (New England Biolabs). The ligation reaction involved incubating the sample for 30 min at 16°C followed by 10 min of 37°C for 12 cycles. Preselective and selective ampli cations were performed as described by Bergero et al. (2008) .
Ampli ed products were run on an Applied Biosystems 3730 Genetic Analyzer and visualized in the software program Genographer (Amundsen and Warnke, 2005; Benham et al., 1999) . The MITE-display genetic markers were scored as 1 for present and 0 for absent. The polymorphic information content (PIC) was calculated for each marker as PIC 2 (1 ) 
RESULTS
FindMITE was used to identify MITE-like sequences from 7024 EST and 666 RS sequences from A. capillaris and 7772 EST and 660 RS sequences from A. stolonifera (Table 3) searches. However, 137 of the candidate Agrostis MITEs do share conserved TIRs with previously reported Gramineae MITEs. These results are consistent with the rapid evolution of transposable elements through speciation. Primer3 was used to design 158 MIP primer pairs (available on request) from the 495 MITE-containing sequences. Primer3 did not design PCR primer pairs for the remaining 337 sequences because there was not enough anking sequence available or because a pair of suitable anking primers could not be designed. Thirtysix of these 158 candidate MITEs had hairpin loop structures identi ed by mfold (Fig. 1) , but only two were found to contain inverted repeats identi ed by einverted.
In the present study, diploid germplasm was used for the MIP assays because a preliminary screen of tetraploid germplasm exhibited complex banding pro les that were di cult to interpret. Each of the 158 MIP primer pairs was tested on a sample of diverse diploid Agrostis germplasm representing cultivated accessions and unimproved germplasm sources. A total of 146 primer pairs ampli ed a product and 79 of them exhibited polymorphic banding patterns consistent with MITE transposition activity. A successful MIP assay exhibits di erential ampli ed product size across accessions consistent with the size of the candidate MITE. The size di erence implies that the candidate MITE was once active and transposition occurred at this locus. Parents of an Agrostis experimental linkage mapping population were tested with 10 MITE-display primer pairs (Table 2 ) ampli ed separately with the selective TDSelC primer ( Table 2 ). Each of the tested primer combinations resulted in MITE-display banding pro les (Fig. 3) . Four selective primer pairs, Colonial2T_H05-INT and TDSelC, Colonial2T_H05-INT and TDSelG, DV856254-INT and TDSelC, and DV856254-INT and TDSelG, were screened on the parents and progeny of the experimental creeping bentgrass mapping population (Table 4 ). The four selective MITE-display reactions ampli ed 139 polymorphic markers with a mean PIC of 0.33. Twenty-eight t expected segregation ratios, based on a chi-square goodness-of-t test, of present or absent (either 1:1 or 3:1) within this experimental mapping population.
DISCUSSION
The FindMITE software program readily identi ed candidate MITEs from a limited set of available Agrostis DNA sequence data; this is the rst report of MITEs in Agrostis. More than 3.0% of the Agrostis DNA sequences examined in this study contained MITE-like sequences, suggesting that MITEs are a signi cant component of the Agrostis genome. Among cereal genomes, rice has 17 times more MITEs than maize and three times more MITEs than sorghum, illustrating a large variation of MITEs in di erent species (Paterson et al., 2009) . Agrostis species range in ploidy, contributing signi cantly to genome size di erences between species. However, within a given ploidy level, genome size can also vary. For example, Bonos et al. (2002) found that the DNA content of three tetraploid species measured by ow cytometry di ered by more than 1.0 pg per 2C. The genome size of A. stolonifera (5.27 pg per 2C), A. capillaris (5.87 pg per 2C), and A. canina L. subsp. montana (Hartm.) Hartm. (6.31 pg per 2C) was measured (Bonos et al., 2002) . These genome size di erences within a ploidy level may be caused by di erences in transposable element copy number. Rotter et al. (2007a) examined the presence of transposable elements within A. stolonifera and A. capillaris DNA sequence libraries and found a 10-fold higher occurrence of transposable elements in A. stolonifera (1.56%) compared to A. capillaris (0.19%); MITEs were not reported. In the present study, 3.9% of the A. capillaris sequences contained MITE-like sequences while 2.3% of the A. stolonifera library contained MITE-like sequences. A more thorough survey of transposable elements in Agrostis species would show if genome size variation results from di erences in transposable element copy number.
Two-thirds (331) of the candidate MITEs identi ed in this study were discovered in the EST sequence libraries, suggesting that these candidate MITEs do have association with expressed sequences. This is consistent with a heatmap of transposable element distribution in the sorghum genome, where retroelements are concentrated in the pericentromeric regions and the MITEs with the telomeric gene-dense regions (Paterson et al., 2009) . Genetic markers anchored to MITEs may provide a means of capturing genebased variability since MITEs are often found associated with genes (Bureau and Wessler, 1992; Mao et al., 2000 , Zhang et al., 2000 . In the present study, MITE-display genetic markers were easily developed from the candidate MITEs. In practice, MITE-display is no more complicated than AFLP, but upfront experimentation is needed to identify MITEs and develop e ective MITE-display markers.
Recent studies suggest that transcribed MITEs may be processed into genetic regulatory elements like small RNAs that can in uence gene expression Kuang et al., 2009 ). McClintock (1984 proposed the idea that mobile genetic elements may be one mechanism for plants to quickly respond to "genomic shock." Mobilization of MITEs or other TEs throughout the Agrostis genome may be one source of genetic variation that allows the Agrostis genome to quickly adapt to biotic and abiotic stress. Intentionally inducing MITE transposition through wide hybridization or some other stress may become a valuable method for creating genetic mutations in cultivated Agrostis.
The currently available genetic linkage map of A. stolonifera covers 1110 cM with 424 mapped loci (Chakraborty et al., 2005) . Map data used by Chakraborty et al. (2005) were analyzed using the method presented by Bethel et al. (2006) and an estimated genome length for creeping bentgrass of 2873 cM was obtained. Using this genome length estimate, the current linkage map covers 39% of the creeping bentgrass genome. For genetic linkage maps of creeping bentgrass to be e ective in quantitative trait locus studies or marker-based breeding strategies, new marker types that increase genome coverage are needed. The ability to rapidly generate several dominant markers that potentially target gene-rich genomic regions makes MITE-display an attractive method for studying the Agrostis genome. Genetic markers were generated from just a few MITE-display PCR ampli cations, making MITE-display a cost-e ective method for developing genetic markers in Agrostis. Several MITE-display genetic markers were con rmed to segregate normally within a creeping bentgrass experimental mapping population. A combination of MITE-display genetic markers and other marker types could be used to achieve better Agrostis genome coverage than is currently available.
Further studies could be directed toward understanding the role of MITEs in the evolution of Agrostis and the extent to which they are involved in gene network regulation. It would be interesting to determine if any of the Agrostis gene-associated MITEs form small RNAs that could be involved in gene silencing or the regulation of gene networks as in the case of the human Made1 and the Solanaceae MiS MITEs. Since certain classes of MITEs may be associated with genes, a diversity analysis of available Agrostis germplasm based on MITE-display genetic markers may provide a way of identifying the genetic component of germplasm with novel traits. If function-associated MITE markers are con rmed in experimental mapping populations, they could be incorporated into breeding programs. Interspeci c hybridization has been proposed as a breeding tool to improve Agrostis (Brilman, 2001 ; Belanger et al., Figure 3. Test of miniature inverted-repeat transposable element (MITE)-display primers on parents (P1 and P2) of an Agrostis stolonifera experimental mapping population. All reactions were performed with the selective MITE-display primer TDSelC along with the specified primer internal to the MITE sequence ( Table  2 ). The ROX500 is an internal size standard. Reactions were visualized with the software program Genographer (Benham et al., 1999; Amundsen and Warnke, 2005) . Boxed bands illustrate some of the observed polymorphisms.
2003). Wide hybridization induces MITE transposition in other species, and therefore wide crosses between distinct Agrostis species may induce novel genetic mutations caused by MITE activity. A diversity analysis of available Agrostis germplasm might be used to identify Agrostis accessions or species that di er in MITE distribution. 
